The top quark flavor changing neutral current (FCNC) process is an excellent probe to search for new physics in top sector since the Standard Model expectation is extremely suppressed. We explore Higgs-mediated top quark FCNC, focusing on H-t-c Yukawa coupling λ ct within the general two Higgs doublet model. After electroweak symmetry breaking the top quark FCNC couplings are included in the charged Higgs Yukawa sector so that they contribute to various processes in flavor physics. To probe λ ct , we study anomalous single top production and the same sign top pair production at the LHC in association with flavor physics from the tree-level processes B → D ( * ) τ ν, B → τ ν as well as from the loop-level processes B d → X s γ, B d,s − B d,s mixing. We perform combined analysis of all the constraints regarding the fine-tuning argument to fit the data and discuss future prospect. The recently updated measurements on B → D ( * ) τ ν still prefer large λ ct , but we show that the current bound on the same sign top pair production at the LHC gives the most significant upper bound on λ ct to be less than 10 ∼ 30 depending on neutral heavy Higgs masses. We also find that for the given upper bound on λ ct , B → D ( * ) τ ν put significant lower bound on H-τ -τ Yukawa coupling, and the bound is proportional to the charged Higgs mass.
I. INTRODUCTION
The top quark, the heaviest particle in the Standard Model (SM), plays an important role as an input for the electroweak (EW) precision measurements [1] . Because its mass is much heavier than other known particles, the top quark is considered to be the most viable candidate which has a close connection to new physics (NP) that controls the EW symmetry breaking mechanism. Meanwhile, the discovery of the SM-like Higgs boson at the LHC [2, 3] and the precision measurement of its property [4, 5] shed much light on the physics in EW sector, boosting the relevant studies. Especially, NP scenarios with extended Higgs sector have received great interest due to its rich phenomenology and attempt to complement the SM [6, 7] .
One of the simplest scenarios with extended Higgs sector is to introduce a new Higgs doublet. Because the two Higgs doublets can couple to both up-type and down-type quarks, after rotating into their mass eigenstates, the tree-level flavor changing neutral current (FCNC) inevitably arises. In the SM, the tree-level FCNC is forbidden by the GIM mechanism [8] . The FCNC process only takes place through the loop diagrams with charged current and rough estimation of the loop correction at the amplitude level is
where V ( ) CKM are CKM matrices, m q is the mass of quark inside the loop. Thus, the loopinduced down-type quark FCNC processes such as b → sγ, which is involved with top quark loop, has enhancement factor (m t /m W ) 2 and their rates mostly fall within current experimental reach of B physics and Kaon physics. Therefore, the down-type quark FCNC is severely constrained and dangerous to many NP scenarios. On the other hand, the uptype quark FCNC processes, for example top quark FCNC process t → cγ, are involved with b-quark loop and extremely suppressed by (m b /m W )
2 . The estimation of B(t → cγ) is O(10 −12 ) [9] within the SM, far too much behind the current experimental reach. In order to avoid tree-level FCNC, one usually introduces a discrete Z 2 symmetry to make each up-type or down-type quark couple to only one Higgs doublet. In the Minimal Supersymmetric Standard Model (MSSM) the supersymmetry itself plays the role. Without such a Z 2 symmetry, the general 2HDM which is called "2HDM type III" follows a specific scheme to circumvent severe down-type quark FCNC constraints such as the natural flavor conservation [10] , the minimal flavor violation [11] [12] [13] [14] [15] [16] and Cheng-Sher ansatz [17] . In this work we adopt the last one, in which the Yukawa coupling ξ ij connecting quarks with flavor indices i, j to one of the neutral Higgses is described as
where v is the SM vacuum expectation value (vev), v = 246 GeV, λ ij is considered to be O (1) . With this ansatz, down-type quark FCNC is severely suppressed due to the small masses of u, d, s quarks, being safe against the experimental constraints. However, top quark FCNC process can be potentially large and should be explored in collider physics as well as in flavor physics.
In the 2HDM type III, after EW symmetry breaking the top quark FCNC Yukawa couplings λ qt (q = u, c) also come into play in charged Higgs Yukawa couplings. Therefore, the phenomenology of top quark FCNC process with neutral Higgs exchange is naturally in connection with flavor physics process with charged Higgs exchanged due to the common Yukawa couplings λ qt . Studies on the top quark FCNC in collider physics especially through anomalous top quark decays were performed in Refs. [18] [19] [20] [21] [22] . There have been studies on the issue that large top quark FCNC coupling λ ct is needed [23, 24] to explain the measurements of B(B d → D ( * ) τ ν) at BaBar [25] , which were quite larger than the SM expectations. The authors of Ref. [26] study the collider signature with constraints from b → sγ concerning the perturbativity of Yukawa couplings within the 2HDM and the MSSM. For more comprehensive study on 2HDM type III contribution to both collider and flavor physics, we refer to Ref. [27] . The model independent approach using low energy effective operators was done in Ref. [28] .
In this work we focus on H-t-c FCNC coupling λ ct within 2HDM type III by adopting Cheng-Sher ansatz. We perform detailed study on several experimental observables that can give bound on λ ct from collider physics and flavor physics with the most up-to-date experimental data. The issue on B(B d → D ( * ) τ ν) is revisited with new data from Belle and LHCb. Especially it will be shown that the search for the same sign top pair production at the LHC plays crucial role to constrain λ ct . Since the current precision measurements of the SM Higgs properties are very well consistent with the SM expectations [4, 5] , we assume the alignment limit for the Higgs potential of 2HDM type III, in which the SM Higgs sector is well decoupled from the NP sector.
The paper is organized as follows. In section II, we briefly describe and discuss about the Yukawa structure of aligned 2HDM type III. Section III explains about the method of numerical analysis in this work. In section IV, we study the top quark FCNC processes and investigate the bounds from the LHC experiment. In section V and VI, we study the constraints from the flavor physics with tree-level and loop-level processes. Section VII is reserved for the combined analysis and future prospect for the constraints on λ ct . We conclude and summarize our result in section VIII.
II. YUKAWA SECTOR OF ALIGNED 2HDM TYPE III
The Yukawa interaction Lagrangian of 2HDM type III can be described as [29] 
where Q L , L L are left-handed quark and lepton doublets while u R , d R , e R are right-handed singlets in interaction basis. The two Higgs doublets Φ 1 and Φ 2 are introduced with the definitionΦ i = iσ 2 Φ * i where σ 2 is Pauli matrix. Y Then, we diagonalize mass matrices for fermions from Eq. (3) and for Higgses from Higgs potential Lagrangian which is described in many literatures (We refer to review paper Ref. [7] ). We define α as a mixing angle of neutral CP-even Higgses. As we discussed in the introduction, we adopt the alignment limit that specifies
to make the model comply with the Higgs precision measurement [30] [31] [32] [33] [34] [35] [36] [37] . With this alignment limit, the Yukawa Lagrangian Eq. (3) is re-expressed in terms of mass eigenstates as follows
by ignoring Goldstone Lagrangian. Here, L Y, SM is equal to the SM Yukawa Lagrangian, u, d, are mass eigenstates of up-and down-type quarks and leptons, H, A are CP-even and -odd neutral Higgses, and H ± are charged Higgses. V CKM is the CKM matrix, P L and P R are chiral projection operators, P L,R = 1 2
(1 ∓ γ 5 ). Note that in the alignment limit, the SM Yukawa sector is completely decoupled from the NP sector. ξ u, d, are Yukawa matrices for the mass eigenstates which include all the FCNC couplings.
In this work we assume that the new Yukawa matrices are CP-conserving, that is ξ
are real and symmetric : ξ
To avoid severe constraints from down-type quark FCNC, we adopt Cheng-Sher ansatz, Eq (2). Due to the tiny masses of u, d, s quarks, the elements of Yukawa couplings that contain those quarks are negligibly small:
Here, we include ξ sb since it can play some role in our study. In this set-up, the only relevant top-quark FCNC coupling is λ ct where ξ ct = λ ct √ 2m c m t /v . It should be emphasized that the top quark FCNC coupling λ ct not only belongs to neutral Higgs Yukawa sector but also comes into play in charged Higgs Yukawa sector as can be seen in Eq. (5). This important feature leads us to probe λ ct with the combined analysis of phenomenologies of both collider physics via neutral Higgs exchange and flavor physics via charged Higgs exchange.
III. METHOD OF NUMERICAL ANALYSIS
Before we discuss the phenomenology of top quark FCNC, we first summarize theoretical input parameters as well as experimental values that are used in this work and discuss about the details of numerical analysis. Table I shows input parameters for the processes in flavor physics. The values are taken from the latest result of CKMfitter collaboration [39] . To obtain the uncertainties of theory prediction, we vary each parameter value within 1σ range and add each individual uncertainty in quadrature.
In Table II we summarize experimental data and their SM predictions by using the input values in Table I . We note that all the SM predictions are in good agreement with the current experimental data, except the ratio R(D * ) which will be discussed in later section. For each observable, the relevant parameters for the theory prediction in 2HDM type III are enumerated. Apparently, those parameters will be constrained by corresponding experimental data. The detailed discussions are presented in the following sections.
As discussed in the previous sections, the relevant model parameters we are interested in aligned 2HDM type III include three mass parameters M H ± , M H , M A , and four Yukawa couplings λ τ τ , λ bb , λ tt , and λ ct . Here, we choose the light neutral Higgs boson h as the observed Higgs boson at the LHC and adopt the alignment limit [40] [41] [42] [43] . For other choice that the heavy neutral Higgs H is observed one, we refer to Ref. [44, 45] . Direct searches for charged Higgs bosons have been performed at LEP [46] , Tevatron [47, 48] and LHC [49, 50] ranges:
These choices of parameter regions are shown to be reasonable in later section. In order to derive an allowed parameter space, we impose the experimental constraints in the same way as in Refs. [42, 52] : for each point in the theoretical parameter space we span the range of the theory prediction for an observable by performing the 2σ variations of input parameters. If the difference between the central values of theory prediction and experimental value is less then the sum of two errors in quadrature, then this point is regarded as allowed. Since the main theoretical uncertainties are due to the hadronic input parameters, common to both the SM and the 2HDM, the relative theoretical uncertainty is assumed to be constant at each point in the parameter space.
IV. TOP QUARK FCNC PROCESSES AT COLLIDERS
The LHC is often called top-factory since the top pair is copiously produced through QCD interaction. The LHC Run I data already collected millions of top pair events, and even much more top pair events are expected to be collected in the LHC Run II. Undoubtedly, the LHC provides us unique chance to explore the top quark FCNC processes which are extremely small in the SM.
The experimental search for top quark FCNC can be performed either by anomalous decays or production of top quarks at hadron colliders with top quark FCNC couplings [59] [60] [61] [62] [63] [64] . We note that the searches for t → ch [65, 66] do not provide any constraints on 2HDM type III in alignment limit since the top quark FCNC couplings with the SM Higgs vanish. The anomalous top decays via t → c/u V where V = γ, Z are explored at the Tevatron [67] [68] [69] and at the LHC [70] [71] [72] [73] , without finding any significant excess of signal events. However, these searches do not provide any meaningful constraints on 2HDM type III since the prediction is much suppressed by loop correction and EW couplings. Contrary to top decays, the anomalous single top production has much chance to probe top quark FCNC coupling due to the large gluon luminosity in the parton-distribution-function (PDF) and the relatively large QCD coupling. The experimental searches for single top events put upper bound on B(t → cg) and B(t → ug) [74] [75] [76] [77] [78] . We focus on B(t → cg) by ignoring u-quark involved FCNC process since it is extremely suppressed in Cheng-Sher ansatz even though u quark PDF is bigger than c quark PDF.
The same sign top pair production is a tree-level process and therefore promising to test NP scenarios which contain top quark FCNC couplings. Notable example is that the NP scenario with Z mediated top quark FCNC coupling [79, 80] that explains the anomalous top forward-backward asymmetry observed at the Tevatron [81] [82] [83] is disfavored by non-observation of the same sign top pair production at the LHC [84, 85] . The recent experimental search at ATLAS with integrated luminosity of 20.3 fb −1 at 8 TeV puts the most stringent upper limits on σ(pp → tt). We interpret the result as an upper limit on cc → tt process to constrain λ ct .
In what follows, we study the phenomenology of t → cg and cc → tt processes within the 2HDM type III to investigate the top quark FCNC coupling.
A. t → cg
In the SM, t → cg decay is extremely suppressed due to GIM mechanism. However, this rare top decay can be enhanced in some NP scenarios [86, 87] . In general, the form factor for the effective tcg vertex is defined by [27] 
where
The form factors A, B, C and D have been calculated in various types of 2HDM [9, 88, 89] . In the 2HDM type III, these form factors are generated by the penguin diagrams mediated by the neutral Higgses h, H and A and charged Higgs H ± . Their explicit expressions are given in Appendix A. With the convention Eq. (9), the decay width for t → cg is given by [27] with
The LHC search for anomalous single top production is performed by ATLAS Collaboration with 14.2 fb −1 at 8 TeV [55] . Non-observation of signal put an upper limit on B(t → cg) as B(t → cg) < 1.6 × 10 −4 .
In Fig. 1 we show the plot of 2HDM type III prediction for B(t → cg) as a function of the charged Higgs mass by setting λ ct λ tt = 1. 2 The shaded region is spanned by changing neutral Higgses masses under the constraints from ∆ρ. We refer to Ref. [43] for detailed analysis of ∆ρ. Even though there can be up to factor O (10 3 ) enhancement comparing to the SM expectation for the small M H ± , the current experimental bound is far above the theory prediction. Therefore, it would be hard to constrain the top quark FCNC parameter space with anomalous single top production measurement at the LHC.
B. cc → tt
The same sign top pair production at hadron collider requires FCNC coupling with t− or u−channel exchange of neutral particle with spin 0 or 1 since the electric charges of final states are same. Another possibility is s-channel process mediated by a charge 4/3 new particle. Various NP scenarios that contribute to the same sign top pair production are well summarized in Ref. [90] with effective operator formalism. The production rate of the same sign top pair at hadron colliders via the contact interactions with different chiral configuration is modeled in Ref. [91] . Meanwhile, in this work we perform the full theory analysis with spin 0 Higgs boson as a mediator since the effective operator formalism may not reproduce well the full theory result if the mediator mass is quite less than 1 TeV. We refer to Ref. [92] for the analysis with another mediators.
In the 2HDM type III with alignment limit, the same sign top pair production arises at tree level via t-or u-channel diagrams with exchange of heavy neutral Higgs bosons, H or A. The partonic scattering cross section for→ tt process is described aŝ
where the amplitude square functionsĝ i are defined aŝ
where φ = H, A. Then the total cross section for cc → tt is convoluted with parton luminosity function f cc (x, µ F ) of sea quark pair cc as follows
where τ = 4m 2 t /s and f cc (x, µ F ) is defined by
Here, f c/p (y, µ F ) is c-quark PDF and the factorization scale µ F is set to be µ F = m t . We use MSTW2008LO PDF set [93] for the numerical analysis. The gluon and charm quark initial state process with extra jet radiation is not considered by assuming that the contribution is subleading. The experimental searches for the same-sign dileptons and b-jets at CMS with 19.5 fb −1 [94] and at ATLAS with 20.3 fb −1 [56] at 8 TeV can be applied for constraining the same-sign top pair production rate. The non-observation of any significant excess of signal events sets the upper bound of the production cross section. The strongest bound comes from ATLAS result. ATLAS provides different upper bounds depending on the helicity configuration of effective operators within contact interaction model. We conservatively adopt the largest upper bound among the three as follows:
σ(pp → tt) < 62 fb (ATLAS 95% CL [56] ) .
We re-interpret this result to constrain the cross section σ(cc → tt) using the formula described above. The constraint is usually strong for small Higgs masses. Since the signal rate is proportional to λ 4 ct , the large values of λ ct are severely constrained and conversely the small value of λ ct is hardly excluded. Fig. 2(a) shows the prediction of scattering cross section by setting λ ct = 15 in (M H , M A ) plane and the allowed region with shaded green color. As shown, the interference effect is constructive. For the given λ ct value the region M H , M A 400 GeV is excluded. Fig. 2(b) shows the allowed parameter space in (M H , λ ct ) plane for the case where H and A are degenerated in mass. Experimental bound provides quite stringent upper limit on λ ct as 10 ∼ 20, depending on the heavy Higgs mass.
V. FLAVOR PHYSICS -TREE-LEVEL PROCESSES
Since the top-quark FCNC couplings take part in charged Higgs Yukawa sector, they can contribute to the semi-leptonic decay and leptonic decay of B mesons which are tree-level processes. In this section we study the two τ -involved tree-level processes, B → D ( * ) τ ν and B → τ ν to constrain top quark FCNC couplings. The former (latter) is involved with b → c(u) charged current. Therefore, any NP model which contains such charged current with a new charged particle can contribute to these processes [95] [96] [97] [98] .
For those processes with b → c(u) charged current, the effective Hamiltonian is described by [23] 
with the effective four-fermion operators
Within the SM, the vector boson W − is exchanged, therefore only O q VLL are generated with tree-level Wilson coefficients C
where 
We neglect C u, 2HDM SLL which is proportional to λ ut and extremely suppressed by u-quark mass. For B → D ( * ) τ ν decay, we can define a theoretically clean observable by taking the ratio with relatively clean measurement B → D ( * ) ν ( = e, µ, τ ) to cancel the hadronic uncertainties:
Note that the CKM matrix element V cb is also canceled out. Then, the theory uncertainty of R(D ( * ) ) are very small, 6(1)%, while the experimental error is quite large, 12(7)% because of missing neutrino in τ reconstruction.
With the effective Hamiltonian in Eq. (17), the theoretical prediction of R(D ( * ) ) relative to the SM value is described as [23, [99] [100] [101] ,
Due to the spin of D * meson, the NP effects on R(D * ) are much smaller than the ones on R(D) [100, [102] [103] [104] . The relevant Wilson coefficients are given in Eqs. (19) and (20) . Since C c SRL is suppressed by m b /v in Cheng-Sher ansatz and also by CKM matrix element, its contribution is negligibly small.
The BaBar experimental data for B → D ( * ) τ ν have shown somewhat large values comparing with the SM expectations for both R(D) and R(D * ) where the combined discrepancy was 3.4σ level [25, 105] . It was also discussed that these can not be simultaneously accommodated by 2HDM Type II. To explain both discrepancies it was shown that the large top quark FCNC coupling λ ct which contributes to C c SLL in Eq. (22) is needed [23, 24] . Very recently, the Belle collaboration reported the measurements of both R(D) and R(D * ) [106] , and the LHCb collaboration did for R(D * ) [107] . Even though the Belle result is in the middle of the SM expectation and the BaBar result, due to the reduced errors, the average values are still in 3.9σ discrepancy [54] (See Table 2 for comparison).
The allowed parameter space in (λ τ τ , λ ct ) with different charged Higgs masses constrained by R(D ( * ) ) is shown in Fig. 3 . For any given charged Higgs mass both λ ct and λ τ τ do not simultaneously become zero. For small λ τ τ value, λ ct must be very large. Interestingly, larger charged Higgs mass requires larger λ ct . These feature can be understood as a whole since only the product λ ct λ τ τ /M 2 H ± enters the contributions from 2HDM, as show in Eq. (20) . Explicitly, the current B → D ( * ) τ ν data put the bound which can be seen in Fig. 3 . It is noted that λ τ τ is associated with the neutral Higgs decay H/A → τ τ . If λ τ τ is large, the LHC has a good opportunity to detect neutral Higgs bosons in their tauonic decay channels. In the case of small λ τ τ , the coupling λ ct should be large, which may be severely constrained by the same sign top pair production as shown in previous section.
Contrary to B → D ( * ) τ ν decay, B → τ ν decay is a helicity suppressed process and more strongly suppressed by CKM factor. Therefore, B → (µ/e)ν decays are extremely rare, O(10 −7 ) and O(10 −11 ) respectively, and not yet measured although B → µν will be measured soon at Belle II. Thus, we have no way to cancel the large theory uncertainty of hadronic current of B → τ ν. The uncertainties from the SM prediction and experiment for B(B → τ ν) are very large, 24% and 19% respectively. Due to these large errors, the constraint from B(B → τ ν) is not much significant.
With the effective hamiltonian in Eq. (17), the branching ratio of B → τ ν reads [23] 
where f B denotes the B-meson decay constant. The relevant Wilson coefficients for 2HDM type III are shown in Eqs. (19) and (20) . We note that not only ξ bb but also ξ bs , ξ bd can contribute to C u SRL within Cheng-Sher ansatz due to the relatively large CKM factors. Even ξ ut can significantly contribute to C u SLL . Due to the combination of these contributions to a single observable B(B → τ ν), none of these Yukawa couplings get any meaningful constraints. 
VI. FLAVOR PHYSICS -LOOP-LEVEL PROCESSES
where the explicit expressions of the tree or penguin operators O 1−6 can be found in Ref. [110] . The magnetic penguin operators, O 7 and O 8 , which are characteristic for this decay, are defined as
where m b denotes the b-quark mass in the MS scheme, and e (g s ) is the electromagnetic (strong) coupling constant. The heavy degrees of freedom from the W − boson contribution [111] [112] [113] [114] [115] [116] [117] [118] [119] and charged Higgs contribution [120] [121] [122] are integrated out at m W scale, and we obtain the Wilson coefficients C 7,8 (µ = m W ). They evolve into µ = m b scale by renormalization group equation and consequently resum the large logarithms in perturbative QCD to all order [123] [124] [125] . The higher order correction at µ = m b scale should be necessarily done [126] [127] [128] [129] .
The compilation of all those calculation for B(B d → X s γ) reached at next-to-next-toleading-order (NNLO) in perturbative QCD [130] [131] [132] . (For a recent review, we refer to Ref. [133] .) For given NP contributions to C NP 7,8 , the theory prediction for B(B d → X s γ) at NNLO is given by [133] 
where the first number represents the most up-to-date SM prediction. By using current experimental data, we obtain 8.22ReC 
Therefore, it is natural for C 2HDM 7, 8 to become O(0.1). In the 2HDM type III, the one-loop contribution to C 7,8 via charged Higgs exchange is described by [120] 
where the loop functions F 
It should be emphasized that the A d term is enhanced by the spin-flip factor m t /m b and becomes comparable to A u . Therefore, it is unique for B d → X s γ that the coupling λ bb can be significantly constrained. Another interesting feature is that the coefficient λ ct of second factor in A u is highly suppressed while the one in first term contains CKM-enhanced factor. The λ ct prefers to be O(10) from B → D ( * ) τ ν. Thus, the λ tt and λ bb must be strongly correlated to satisfy Eq. (28) . In order to avoid large cancelation between 1/3λ tt F To be more specific regarding the fine-tuning argument, we refer to Ref. [134] and re-define fine-tuning parameter ∆ for an observable as follows
Here, Q denotes the difference between theory prediction and experimental data and δQ i represents each individual contribution of the theory to the Q. Therefore, small ∆ −1 means significant fine-tuning. (For example, ∆ = 25 correspond to 4% fine-tuning.) The allowed parameter space in (λ tt , λ bb ) plane for given λ ct = 10 and M H + = 400 GeV is shown in Fig. 4 by requiring ∆ −1 > 10%. The gray region causes significant fine-tuning. We note that by avoiding significant fine-tuning, not only λ tt is constrained but also λ bb is highly restricted as we expected.
The B q − B q (q = d, s) mixing occurs via box diagrams by exchanging W boson or charged Higgs within 2HDM between B q and B q . We note that the tree level diagrams can also contribute through b-s-(H/A) vertices within 2HDM type III. We first study the NP contribution from loop processes while the tree-level contribution is discussed in the next section. The mass difference ∆m q between the two mass eigenstates B operator can contribute, where
The corresponding Wilson coefficient is C
The function S 0 (x) can be found in Ref. [108] . Then the ∆m s is obtained as
Here, η b = 0.552 is a short-distance QCD contribution. As for the long distance nonperturbative quantity f BsB
1/2
Bs , we use Lattice QCD result. Within the 2HDM, two additional operators are generated by the box diagrams with charged Higgs boson exchanged:
Using the formulae in Ref. [136] , the corresponding Wilson coefficients are obtained as
The subscript W H or HH represent the exchanged particles in the box diagram. We note that C are generated through operator mixing during renormalization group evolution as described in detail in Refs. [135, [137] [138] [139] [140] [141] at NLO QCD, the effects are minor and we do not include them.
Therefore, only A u is numerically relevant in B s − B s mixing. It contains λ tt and λ ct as defined in Eq. (30) which are constrained by experimental data of ∆m s given in Table II . The allowed region for the parameter space in (λ tt , λ ct ) plane as well as (λ tt , λ ct λ tt ) plane are shown in Fig. 5 (a) and (b) . We perform more detailed study on the allowed parameter space by considering the fine-tuning argument to fit the data. As shown in Eq. (30), there are two solutions for A u = 0 which give the result consistent with experimental data:
The parameter space near these two solutions are allowed, but can cause significant finetuning. We represent the allowed parameter without significant fine-tuning, or ∆ −1 > 10% by green color, and for ∆ −1 < 10% by black color. In the region where the signs of λ ct and λ tt are same, the two 2HDM contributions C VLL 1, W H and C VLL 1, HH are destructive with each other. The parameter space that brings the cancelation between the two can be another solution to fit the data, but also causes significant finetuning. We represent the parameter space near the solution with significant fine-tuning, ∆ −1 < 10%, with gray color. For this solution space, the real parts of the two 2HDM contributions are strongly canceled, but sizable imaginary parts still remain as can be seen in the Fig. 5(c) . This sizable imaginary part can cause large time-dependent CP -asymmetry 
As shown, the gray region is excluded by φ ccs s at 68% CL, but survives at 95% CL. This region will be more significantly covered by future experimental data.
For later convenience, we summarize the features of each parameter regions and their color notation with the definition of S1, S2 and S3 as follows S1 : (green color) ∆ −1 > 10%,
VII. COMBINED ANALYSIS AND FUTURE PROSPECT
We first combine the constraints from B d → X s γ, B s − B s mixing, and cc → tt on the couplings λ ct and λ tt . We also include the constraints from EW precision measurements, Z → bb and ∆ρ. We refer to Ref. [43] for the details of these EW precision measurements. We scan the parameter space as described in Eq. (8) . The allowed parameter space is obtained by requiring that it accommodates all the experimental data with 95% CL. The result is shown in Fig. 6(a) for M H ± = 500 GeV. As discussed in previous section we divide allowed parameter region into S1, S2 and S3 whose features are portrayed in Eq. (39) .
For the region S1, the requirement ∆ −1 > 10% in B s − B s mixing gives the upper bound on λ ct and is slightly stronger than the one from σ(cc → tt) combined with ∆ρ. The upper bound on λ tt for the region S1 is given by R b . On the other hand, for the regions S2 and S3, the couplings λ ct and λ tt are bounded by σ(cc → tt) accompanied with ∆ρ and R b . Therefore, the same sign top pair production plays crucial role to constrain λ ct regardless of fine-tuning. But if we avoid significant fine-tuning (for S1), B s − B s mixing put the significant bound. The projection for the exclusion limit at 14 TeV with 300 fb −1 is estimated by assuming that the statistical error is dominant (See Ref. [142, 143] for more details about the projection method). The result is outstanding. The upper bound of λ ct reach 8∼15 with 300 fb −1 at 14 TeV as shown in Fig. 6 . We note that B d → X s γ does not put bound on λ ct nor λ tt for any parameter sets due to sizable contributions from λ bb term.
We turn to the B → D ( * ) τ ν decays. With fixed λ τ τ , B → D ( * ) τ ν decays also put bounds on M H ± and λ ct . By taking λ τ τ = 40, the allowed parameter space is shown in blue-colored region in Fig. 6 (with M H ± = 500 GeV). As shown in Fig. 6(b) , |λ ct | has different upper limits for each parameter set depending on M H ± . They lead to lower limits on |λ τ τ | as can be seen in Eq. (23) and Fig. 3 . The allowed parameter spaces in (M H ± , |λ τ τ |) plane are presented in Fig. 7 . For fixed M H ± , the lower bounds for S2 and S3 are same and slightly different from S1. It should be noted that these lower bounds become stronger as M H ± increases. Conversely, the M H ± is upper bounded when λ τ τ is fixed. In the case of relatively heavy charged Higgs, the lower bound on λ τ τ is very strong. With the constrains of cc → tt at 14 TeV with 300 fb −1 data, the lower bound on λ τ τ would become twice of current bound as shown in Fig. 7 . For M H ± > 500 GeV, the coupling λ τ τ should be greater than 30, which can significantly enhance H/A → τ τ decays. Therefore, this can be constrained by heavy Higgs search with τ τ final states at the LHC. However the signal strength of gg → H/A → τ τ process strongly depends on heavy Higgses masses and is effectively proportional to λ 2 tt . Since there are much parameter space near λ tt ∼ 0 in the set S1 (green region) as shown in Fig. 6 that may avoid the constrains from gg → H/A → τ τ , the constraints would be restricted. Perhaps, some part of parameter space, especially small λ ct and large λ tt , λ τ τ region will be excluded. On top of that, for such very large τ Yukawa coupling, the perturbativity would be threatened.
We now discuss about the constraints from t → cg. With the above allowed regions S1, S2 and S3, we make theoretical predictions for B(t → cg). Since the combined constraints put upper bounds on both λ ct and λ tt , Therefore, λ ct λ tt is upper bounded in all three parameter sets S1, S2 and S3. Note that the set S3 represents also the lower bounds for both λ ct and λ tt that comes from Z → bb and cc → tt as shown Fig. 6(a) . The upper bound of B(t → cg) for S1, S2 and the allowed region for S3 are presented as a function of M H ± in Fig. 8 .
The current LHC upper limit is much larger than these theory predictions. Thus, it does not give any constraints. The projection for the upper limit at 14 TeV with 300 fb −1 data is also drawn in Fig. 8 in dotted line. As shown, it would be hopeless to see or constrain the top quark FCNC couplings from the t → cg measurement.
So far, we have neglected the tree-level contribution to B s −B s mixing through the downtype FCNC couplings b-s-(H/A) with the Yukawa coupling ξ bs . Even though ξ bs is severely suppressed in Cheng-Sher ansatz such as ξ bs /λ bs = 3.6×10 −3 , the tree level contribution with O(1) λ sb has no CKM suppression, and is comparable to the loop contribution. By including the tree level contribution, the allowed parameter space in (λ tt , λ ct ) plane is significantly extended since the large NP contribution from the loop processes can be canceled by the tree level contribution. Therefore, including the tree level contribution in B s − B s mixing always weakens the constraints on λ tt , λ ct . To understand the effect of λ sb quantitatively, we show a plot in Fig. 9 for allowed region of λ ct λ tt with respect to the fixed λ sb value by imposing the constraints from cc → tt, Z → bb and ∆ρ. We see that for λ sb > 0.003M H,A large λ ct λ tt is required to cancel the large tree-level contribution. In fact, for λ sb 0.003M H,A , the magnitude of tree-level contributions is already comparable to the magnitude of the SM contributions. For λ sb < 0.003M H,A , the bound on λ ct λ tt is not much changed from the one given in previous section.
VIII. CONCLUSION
The general 2HDM as an extension to the SM is a potential NP candidate. To avoid severe constraints from down-type quark FCNC, we adopt Cheng-Sher ansatz. This NP scenario permits presumably large top quark FCNC coupling λ ct , which is the main target to be explored in this work with collider phenomenology as well as flavor constraints and EW precision measurements. To this end, we consider anomalous single top production which can limit B(t → cg) and the same sign top pair production via cc → tt at the LHC in association with not only flavor tree-level processes, B → D ( * ) τ ν, B → τ ν but also flavor loop-level processes, B d → X s γ, B s − B s mixing.
We find that among them the B → D ( * ) τ ν, B s − B s mixing and cc → tt play important role to constrain λ ct . Especially, still large value of λ ct is preferred by average value of R(D ( * ) ) measurement with the new data for B → D ( * ) τ ν from Belle and LHCb. To bring solid understanding of the result, we separate the allowed parameter space into three sets, S1, S2 and S3, regarding the fine-tuning to fit the data and the features reflected in the observables of B s − B s mixing. S1 does not suffer from the fine-tuning while S2 and S3 cause significant fine-tuning to fit the data. More specifically, S3 shows large imaginary part of M s 12 while S1 and S2 do not. For the allowed parameter sets S1, S2 and S3, λ ct is severely upper-bounded by either cc → tt or B s − B s mixing. Therefore, to fit the R(D ( * ) ) values, the Yukawa coupling λ τ τ is lower bounded for given charged Higgs mass M H ± and conversely M H ± is upper bounded for fixed λ τ τ . The large λ τ τ will be constrained by gg → H/A → τ τ , however it strongly depends on neutral Higgses masses and λ tt . The extended study with heavy Higgs search data at the LHC can be a future work. Since λ ct λ tt is small for all the parameter sets and the theory prediction is loop-suppressed, the upper limits for B(t → cg) do not provide constraints on the remaining parameter space with current experimental data nor in future LHC experiment. On the other hand, large λ ct is mostly constrained by cc → tt process regardless of fine-tuning. cc → tt would play more important role to probe top quark FCNC at the LHC 14 TeV Run.
